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ABSTRACT

College of Science
Rochester Institute of Technology

Degree: Masters of Science Program: Materials Science & Engineering
Name of Candidate: Roberta A. DiLeo

Title: Nanomaterial Synthesis and Characterization for Energy Storage and
Conversion Devices

Synthesis conditions and characterization techniques were investigated for a
variety of nanomaterials that have potential for use in a plethora of energy storage and
conversion devices, such as photovoltaics, thermionic emitters, lithium-ion batteries, and
PEM fuel cells. A portion of this work focused on the development of a chemical vapor
deposition synthesis technique for multi-walled carbon nanotubes (MWNTS) using an
iron dimer in xylene as a liquid catalyst precursor. The optimization of synthesis
conditions for this technique was subsequently followed by the development of a
quantitative purity assessment method for MWNTSs from Raman spectroscopy, which
involves the ratios of peak heights in Raman spectra. Initial work in the development of
this purity assessment method was extended to a second Raman excitation energy, and a
universal equation of purity was developed for two excitation laser energies. The
capability exists to develop free-standing electrode papers from these synthesized
MWNTs for several of the aforementioned applications. A large portion of this work
also focused on the characterization of materials commonly used in organic solar cells
with the technique of cyclic voltammetry. Electrochemical measurements of semi-
conducting CdSe quantum dots, fullerene derivatives, and polymers (MEH-PPV, P3HT,
and MDMO-PPV) were completed to determine the band gap, ionization potential, and
electron affinity of these materials in order to improve device fabrication by offering the
capability of pre-selecting the materials incorporated in a given composite. This reduces
time, energy, and expenses involved with fabrication, along with furthering the
understanding of interactions between materials in a composite at the electronic level.
This work has offered important contributions to the field of alternative energy by
making strides in synthesizing, characterizing, and selecting appropriate materials for use
in energy storage and conversion devices.
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CHAPTER 1 INTRODUCTION

A. Motivation

The field of nanotechnology is emerging as a driving force in research as
technologies become smaller, faster, and more sustainable. This is particularly true in
the development of materials for energy conversion and storage devices, such as
organic photovoltaics, lithium-ion batteries, proton exchange membrane (PEM) fuel
cells, and thermionic power devices (Figure 1) [1, 2]. With the current energy
challenges technology is facing [3], an alternative to typical materials is being sought.
One plausible solution is the use of nanomaterials. Nanomaterials are a broad class of
materials ranging from organic carbon species to inorganic quantum dots, where the
materials exhibit a large range of advantageous properties.  Universally,
nanomaterials are influenced by quantum confinement effects in some manner

depending on their dimensions [4]. These unique properties that arise due to size

Figure 1. Energy conversion and storage devices employing nanomaterials: (a)
flexible quantum dot-organic photovoltaic and (b) nanotube electrode PEM fuel cell
set-up.



effects are emphasized in the utility of nanomaterials as opposed to the attributes of
the bulk materials. The fundamental understanding of material characterization and
how material electronic properties are affected by synthesis is vital to the successful
implementation of these nanomaterials into current energy storage and conversion
devices. A component of this work investigates the properties, as influenced by
synthesis, of multi-walled carbon nanotubes which can be used in battery, PEM fuel
cell membranes, and thermionic applications. Another element of this work focused
on the characterization of semiconducting quantum dots and fullerene derivatives for
use in organic photovoltaics. It is imperative for novel designs and materials to be
implemented for continued progress in photovoltaic performance. An important
aspect of photovoltaics is proper material selection since photovoltaic performance
depends largely on maximizing photon absorption, exciton diffusion, exciton
dissociation, and carrier transport, which are all influenced by individual material
properties [5]. Similarly, the principles of band structure and energy level alignment
are significant to the development of well performing devices as they promote
efficient charge dissociation and charge transfer within the device. The enhancement
of photon absorption in a device can be accomplished by selecting materials with
appropriate band gaps to absorb the solar spectrum. Also of importance is the
minimization of recombination sites within the bulk heterojunction. This can be done
by avoiding materials which will cause traps due to unsuitable energy level
alignment. Due to the tunability of quantum dot band gaps, they are useful candidates
for incorporation in organic photovoltaics.  This investigation of materials for

organic photovoltaics was expanded to include the polymers which are typically used



in the solar cell composites. It was advantageous to thoroughly characterize the
polymers as well as the materials that were to be blended into the composite to have a

more complete understanding of material properties within a device.

B. Nanomaterials for Energy Storage and Conversion Devices

(1) Multi-walled Carbon Nanotubes

One nanomaterial that has been under extensive investigation since its discovery
is the multi-walled carbon nanotube (MWNT) [6]. A single walled nanotube can be
envisioned as a graphene sheet rolled into a seamless cylinder. A MWNT is a
collection of concentric cylinders each with a slightly larger diameter and an
interlayer spacing (Figure 2). Due to their unique mechanical, electrical, and
chemical properties, MWNTs have been investigated to discover their utility in
devices [1, 7-9]. Specifically, aligned arrays of MWNTs have been used in the
fabrication of solar cells, lithium-ion batteries, sensors, and integrated circuits, among

other devices [7-9]. As a result of the significant role MWNTs can play in device

Figure 2. Multi-walled carbon nanotube.
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composition, it is important to quantify the quality of material incorporated in a given
device fabrication process. This will allow repeatable and reliable measurements
concerning the effect MWNTs have on device performance. This quantification is
also a necessary step because regardless of the synthesis technique (laser
vaporization, arc discharge, or chemical vapor deposition), the resulting material is a
mixture of both nanotubes and amorphous carbon species. For optimum device
performance, high quality nanotubes are desired as opposed to amorphous carbon.
Therefore a simple method to determine the quality of nanotubes in a sample, much
like the method developed for single-wall carbon nanotubes, is advantageous [10].
While many techniques exist as possible characterization methods, including
scanning electron microscopy (SEM), transmission electron microscopy (TEM),
thermogravimetric analysis (TGA), and Raman spectroscopy, the proper combination
of these techniques (or others) to produce a protocol for quantifying MWNT purity
(defined as the mass fraction of nanotubes in a sample) has yet to be established [11-
16]. Commonly used microscopy techniques can be quite useful at quantifying
nanotube diameter or interlayer spacing. However, these methods provide a
qualitative understanding of the MWNT purity as they are limited in their ability to
determine other factors affecting purity (e.g. degree of carbonaceous coatings,
encapsulated metal particles, etc.). While TGA can accurately quantify a sample’s
metal content, the decomposition curve cannot easily be deconvolved to provide
carbonaceous MWNT purity. Attempts to use Raman spectroscopy for purity

assessment have relied upon a ratio of the D-band peak (~1350 cm™) and the G-band



peak (~1580 cm™) to infer a purity level. However with no reference for comparison,
ambiguity arises in the interpretation of data for these two peaks from the effects that
carbon impurities have on the bands’ intensities. Therefore, a ratio containing the G'-
band peak (~2700 cm™) may represent a more accurate measurement of MWNT
quality or purity, since the G' band resonant Raman intensity is dramatically enhanced
in the case of carbon nanotubes[17]. In this work, a method of purity assessment
using Raman spectroscopy, in conjunction with SEM, TEM, and TGA, for MWNTs
is discussed. This work includes the purity assessment using two excitation lasers,
1.96 eV and 2.54 eV, and discusses the utility of using the Ig/Ip as a method of
determining quantitative purity values for MWNTs. The purity assessment method
also extends beyond bulk MWNT characterization to determining purity of MWNT

aligned arrays.

(i1) Semiconducting Quantum Dots

The unique capability of quantum dots to be electronically tuned to a specific
band gap is a potentially beneficial characteristic to employ in photovoltaics. Widely
known are the bulk properties of certain materials that change when the given
materials are constrained in size. For quantum dots, which are 3 dimensional wells
and 0 dimensional conductors, quantum confinement effects influence the material’s
optoelectronic properties. In analogy to a particle in a box (Figure 3), the allowed
energy levels within a quantum dot will change accordingly with its diameter. This

allows for the ability to synthesize band-gap specific materials to absorb particular



wavelengths of the solar spectrum. In this work a series of colloidal cadmium

selenide quantum dots ranging in size were synthesized.

<+«— L—>»
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Figure 3. Diagram depicting the effects of quantum confinement. As a spatial
dimension is changed, the energy levels of the material change accordingly. The
equation for a particle in a box is shown, which is often used as a reference for
energetic behavior in nanomaterials.

(111) Fullerenes

Fullerene derivatives offer unique advantages to organic photovoltaics as well.
Fullerenes are often incorporated to act as a charge dissociation site within the device
because of their ability to attract and hold more than one extra electron within their
structures. The cage of the fullerenes, as well as any substituent groups that are
added to the cage, acts as charge dissociation centers. Figure 4 depicts some of the
more commonly used fullerene derivatives in organic photovoltaics: [11]-phenyl Cg;

butyric acid methyl ester (PCBM Cg), [6,6]-phenyl C71 butyric acid methyl ester



(PCBM Cyp), 1-3-methoxycarbonyl propyl-1-thienyl- 6,6 —methanofullerene (ThCBM

Ce0), and phenyl-C61-butyric acid (PCBA Cégp).

Figure 4. Molecular structure of (a) PCBM Cg, (b) PCBM Cy, (¢c) ThCBM Cgp, and (d)
PCBA Ciy.

(iv) Polymer Composites

In organic photovoltaic research, there is a constant need to develop new
materials, in particular polymers, which have optimal band gaps for absorption,
dissociation, and collection of charges. The three commonly used polymers, which
are sufficient for the current state-of-the-art organic devices, are MEH-PPV (Poly[2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]), P3HT (Poly(3-
hexylthiophene-2,5-diyl)) and MDMO-PPV (Poly[2-methoxy-5-(3',7'-
dimethyloctyloxy)-1,4-phenylenevinylene]) (Figure 5). Since the polymer is the base
of any composite used for the active layer, it is essential to have an understanding of
its energy levels. If material energy levels cannot be properly aligned to a given
polymer, either a different polymer must be selected or a new set of nanomaterials
must be used to incorporate into the polymer matrix. Several research papers have

reported on the electrochemistry of nanomaterials and polymers commonly used in
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organic photovoltaics[18-21]. In this work these three polymers are focused on,
exhibiting favorable band gaps, and offering an array of structures to suit an
assortment of nanomaterials in a matrix.

Examining the polymer composites using cyclic voltammetry extended this
research and gave a more complete understanding of the interactions that occur within
the composite. This work was consistent with other research investigating the
properties of composites[22-24]. Another extension of this work also arose by
investigating the composites both in the dark and under illumination which gave
insight as to the behavior of the composite under a representative environment for a
working device, an essential step in the investigation of energy band alignment. Also
important is the investigation of composite properties using this technique to have a
thorough understanding of the interactions that occur in devices and their impact on

band structure.

b C
~ 0-CH; - i )
CHy(CH2CH; | 7T | X auen
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n ? b s
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Figure 5. Molecular structure of (a) P3HT, (b) MEH-PPV, and (¢c) MDMO-PPV
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CHAPTER 2 MULTI-WALLED CARBON NANOTUBES (MWNTs)

B. Synthesis

Ambient Pressure Injection Chemical Vapor Deposition

For this investigation, MWNTs were synthesized using an injection chemical
vapor deposition (CVD) process at ambient temperatures. The process, developed in-
house at the NanoPower Research Laboratories, was modeled after work at the
NASA Glenn Research Center [25]. A picture of the reactor is shown in Figure 6

and a schematic in Figure 7. Initially, argon was selected as the carrier gas and

o |

Figure 6. CVD reactor, showing furnace, mechanical syringe pump, and gas flow
controller.

cyclopentadienyliron dicarbonyl dimer in toluene was selected as the precursor
solution, which was consistent with the group at NASA[25]. Later investigations
proved xylene to be a preferable solvent and replaced toluene in the process. A

syringe pump was employed to ensure consistent, uniform precursor injection. A
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Exhaust

Syringe
Pump

\

Quartz Tube
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Figure 7. Schematic of CVD reactor. A mechanical syringe pump injects into a
coaxial tubing along with a gas supply flow. The stream is carried into the furnace
where the produced material collects on the quartz tube. The flow continues down
stream to a trap where solid waste is separated from gaseous waste, which exits
through the exhaust.

unique coaxial tip was designed for this reactor (Figure 8), where the precursor
traveled within a quartz capillary tube that was jacketed by a stainless steel tube that
acted as a pathway for the carrier gas. At the tip, the carrier gas was able to
aerosolize the precursor and carry it into the furnace. A 2" design of experiment
(DOE) was carried out after the construction of the CVD reactor with five parameters
varied as high/low. The temperature, carrier gas flow, precursor concentration,
precursor injection rate, and tip injection position were investigated to find optimal
parameters for this set-up. Analysis of the DOE results suggested a temperature
range from 725 to 800 °C, a gas flow rate of 1.00 L/min, a precursor concentration of
0.08 M, an injection rate of 3.5 mL/hr, and a tip position of 2.5 cm inside the furnace.
Material was collected from the interior of the quartz tube within the furnace zone.
Investigations were extended to explore the growth of aligned MWNTs. A set of

experiments showed it was possible to grow aligned arrays of MWNTs on SiO,

13



substrates using the same process parameters as described above. An SEM image of

the array on the SiO, substrate is depicted in Figure 9.

Figure 8. Schematic of coaxial injection tip. Inner capillary tubing carries liquid
precursor into furnace and the outer stainless steel tubing acts as a jacket to transport
the carrier gas.
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Figure 9. SEM image of aligned MWNT array on SiO, substrate with
photograph of substrate on left.
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B. Characterization

Carbon nanotubes are a novel inclusion into several energy storage and
conversion devices due to their unique electrical and mechanical properties. A
complete understanding of their material properties is necessary to ensure effective
use of carbon nanotubes in a variety of applications. This section explores the
commonly used instruments for MWNT characterization and their utility in MWNT
research. A spectrum of techniques can be used to effectively characterize MWNT
quality and purity including spectroscopy, microscopy, and thermal analysis

techniques.

Spectroscopy
Raman Spectroscopy

Raman spectroscopy is a technique used to observe symmetric vibrations in a
sample at a particular excitation wavelength. The electrons within the sample are
promoted to an excited electronic state and relax to a vibrational state, followed by a
recombination to the ground state. The energy difference between the excitation
energy and the emitted light is the Raman shift (cm™). These shifts relate to specific
peaks for the vibrational modes of a given sample. For MWNTs, there are three
commonly observed peaks, the D-band, G-band, and G'-band (Figure 10). Defects or
sp°> bonding give rise to the D-band; the G-band arises from the graphitic nature or sp

bonding of the carbon and this peak is common to many carbon species. The third

15



peak is the G'-band, which is a result of long range order in the sample which allows
for resonance processes[17].

For this work, Raman spectroscopy was performed using a JY-Horiba Labram
spectrophotometer at room temperature with excitation energies of 1.96 and 2.54 eV.

Sample spectra were taken from 100 — 3000 cm™.

Ejaser = 2.54 eV A

Raman Intensity (a.u.)

MWNTSs \_.\

‘ Dband ‘Gband ‘ ‘G'band
500 1000 1500 2000 2500 3000

Wavenumber (cm™)

Figure 10. Raman spectra of MWNTs, taken with a 2.54 ¢V excitation energy, shows
the three common bands of MWNT samples: D band, G band, and G' band.
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Microscopy

Scanning Electron Microscopy (SEM)

Scanning electron microscopy is a technique in which scattered electrons from a
sample are detected to evaluate the sample surface morphology. This technique can
provide qualitative measurements of quality for a sample by showing coatings, metal
catalyst particles, and bundling of tubes in a sample. Figure 11 shows an SEM image
of (a) as-produced MWNTs and (b) nanostructured carbon, both observable with an
SEM in a given nanotube sample. Outer diameter measurements for MWNTs are
possible with this technique as well. With a large sample set, an outer diameter

distribution is possible.

For this work, a Hitachi S-900 near-field emission instrument was used. Samples
were prepared on a stub by either carbon tape or silver paint adhesion. The
instrument was operated at an accelerating voltage of 2 kV and image magnifications

ranged from 5 — 100 kX.

HeBR2aa - 2KNT KGIHBK b BBum B EBeD 80K lf.l?um

Figure 11. SEM image of (a) as-produced MWNTs and (b) nanostructured carbon
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Transmission Electron Microscopy (TEM)

Transmission electron microscopy is a technique in which electrons are passed
through a sample to observe its atomic arrangement. In the case of MWNTs, TEM is
a practical tool because it allows for the confirmation of multiple walls and the
counting of those walls in a MWNT sample. The observation of carbonaceous
coatings on MWNTs and metal catalyst particles is also possible. Diameter
distribution measurements are also possible given a large enough sample set is taken.
These capabilities allow for a qualitative measurement of purity for samples by
confirming the presence of MWNTs, and the relative amounts of carbonaceous
species and metal particles. TEM images for this work were acquired in collaboration
with NASA Glenn Research Center. A Philips CM200 instrument operated at an
accelerating voltage of 200 kV was used. The samples were prepared on carbon grids

by depositing material from an acetone suspension on the grid.

Figure 12. TEM image of a MWNT. Interlayer spacing, as well as inner and outer
diameter are observable.

18



Thermal Analysis

Thermogravimetric Analysis

The technique of thermogravimetric analysis (TGA) provides a quantitative value for
the metal composition of a sample. This technique monitors the mass of a sample
during thermal decomposition as the sample is ramped to a temperature with a
specified rate. Evaluation of the sample decomposition temperatures and the metal
residue can lead to quantitative values for purity assessment (Figure 13). Due to the
difficulty associated with the convolved decomposition peaks in a typical TGA graph,
this technique is not exclusively used to determine purity of MWNT samples. The
TGA instrument used in conjunction with other techniques to determine purity for
this work was a TA Instruments Model 2950. Samples of ~ 1mg were placed in a
platinum pan and ramped at 10 °C/min from room temperature to 1000 °C under air

and nitrogen at flow rates of 60 cm’/min and 40 cm’/min, respectively.
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Figure 13. Thermogram of MWNT sample. This can be used to determine the
decomposition temperature and percent residue for a sample.
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C. MWNT Purity Assessment

APPENDIX A Summary

Purity Assessment of Multi-walled Carbon Nanotubes by Raman Spectroscopy
Roberta A. DiLeo, Brian J. Landi, Ryne P. Raffaelle
J. of Appl. Phys. 2007, 101, 064307 (2007). Copyright 2007, American Institute of

Physics

This publication investigated the utility of Raman spectroscopy, coupled with
thermogravimetric analysis and microscopy techniques, to develop a quantitative
purity assessment method for MWNTs. The current state of the field lacked a
universal, quantitative method of purity assessment for MWNTs. A constructed
sample set was prepared from nanostructured carbon and high quality MWNTs to
quantify the ratios of the Raman Ip/Ig, Ig/Ig, and Ig/Ip. From these ratios, calibration
curves were developed, and three equations of purity were established. The purities
of samples synthesized under various conditions were determined using the
established equations of purity. The effectiveness of Raman spectroscopy to provide
a quantitative value of purity in combination with thermogravimetric analysis and

microscopy techniques was explored.
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APPENDIX B Summary

Application of the G'/D Raman Ratio for Purity Assessment of Multi-walled Carbon
Nanotubes

Roberta A. DiLeo, Brian J. Landi, Ryne P. Raffaelle

Mater. Res. Soc. Symp. Proc., San Fransisco, California 2007

Applications of Nanotubes and Nanowires MRS Proceedings San Francisco, CA
2007

Editors: L. Chen and M. Hersam

Mater. Res. Soc. Symp. Proc., Volume 1081E, Warrendale, PA 2007 (1018-EE05-11)

This publication extends the investigation of MWNT purity assessment by Raman
spectroscopy, coupled with thermogravimetric analysis and scanning electron
microscopy, to a second excitation energy. The initial work was completed using an
excitation energy of 2.54 eV, while the investigation was furthered by exploring the
use of an excitation energy of 1.96 eV. Similar to the previous work, equations of
purity were established based upon the Raman ratios, Ip/lg, Ig/Ig, and Ig/Ip, and
employed to determine purities of a variety of samples, including a sample of aligned
MWNTs on SiO,. An excitation-energy dependent shift was observed for the D and
the G' bands of the Raman spectra, whereas the G band remained unshifted. MWNTs
show a high sensitivity for the I /Ip ratio, and one equation of purity can be applied

universally for this ratio across both excitation energies.
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CHAPTER 3 NANOMATERIALS FOR ORGANIC PHOTOVOLTAICS

A. Material Characterization

Cyclic voltammetry is a characterization technique that offers the capabilities of
probing important electronic material properties. In order to eliminate costly device
fabrication to test material compatibility, the technique of cyclic voltammetry was
employed to quickly determine energy levels of commonly used materials in organic
photovoltaics.  The characterization of these materials acts as a baseline of

comparison for the incorporation of new materials. With cyclic voltammetry,
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Figure 14. Diagram depicting the use of a voltammogram to extract electronic
properties of a sample. The reduction and oxidation potentials are used to calculate
the electron affinity (EA) and ionization potential (IP) for a given sample using the
reference electrode (in this case standard calomel electrode) and also the band gap by
finding the difference between the EA and IP.
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ionization potentials (IP) and electron affinities (EA), may be calculated, which
correspond to valence states and conduction states, respectively. The band gap (E,)
can be obtained by taking the energy difference of the EA and IP. Electrochemical
measurements determine the reduction-oxidation potentials of a material by
measuring the voltages at which a material reduces or oxides with respect to a
reference electrode. These reduction-oxidation potentials can be used to calculate the
electron affinity and ionization potential of a material as explained by Kucur[26]:

EA=—(E,., +AE

red electrode,vacuum)

(1)

IP= _( on + AEvacuum,electrode) (2)

Cyclic voltammetry is also a beneficial technique in regards to photovoltaic
fabrication because it eliminates some costly and time consuming processing. From
the pertinent information gathered from a typical voltammogram (Figure 14), proper
material selection can be made based upon EA, IP, and E,. As Figure 14 shows, these
three values are easily discernable from the voltammograms.

Cyclic voltammetry measurements were taken for a myriad of samples. All
measurements were taken with an electrochemical analyzer from CH Instruments
using a platinum rotating disk electrode, a platinum wire auxiliary electrode, and a
KCI saturated standard calomel electrode (SCE) as the reference electrode within a
dark box to control illumination effects (Figure 15). The electrolyte,
tetrabutylammonium hexafluorophosphate (TBAPFs) in acetonitrile, 0.1 M, was

selected due to its large window of stability and generally nonreactive interaction
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with samples. Argon gas was passed through the three-neck electrochemical cell both
before and during sample measurements. A scan rate of 20 mV/s was applied while
select samples were rotated between 50-100 rpm for laminar flow across the electrode
surface. For the illumination studies the samples were illuminated with a halogen
lamp (Amax = 630) and a UV lamp (Amax = 350).

A Perkin Elmer Lambda 900 was used to take optical absorption measurements.
An acquisition range of 300 to 2000 nm was used to identify maximum absorption

peaks which were correlated with band gaps calculated from the voltammograms.

Figure 15. 3-neck cell holding the rotating disk electrode, reference electrode, and
counter electrode and the gas input inside the black box.

B. Quantum Dots and Fullerene Derivatives

A colloidal synthesis method was employed for the quantum dots used in this
work. For the CdSe quantum dots, a similar procedure was followed in previous

reports[27]. A CdO precursor was used, and after nucleation and growth, the dots
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were extracted with a methanol: hexane mixture (Figure 16). The trioctylphosphine
oxide (TOPO) capped dots underwent a ligand exchange with pyridine, using
centrifugation at 6000 rpm for 10 minutes and sonication. UV-Vis-NIR spectroscopy
and fluorescence was used to verify the band gap of the quantum dots. Samples are

shown in Figure 16.

Figure 16. (a) Quantum dot methanol/hexane extraction/cleaning process steps for 3.31
nm CdSe quantum dot, (b) three sizes (3.08, 2.56, and 2.30 nm) of cleaned quantum dots,
and (c) three sizes (3.08, 2.56, and 2.30 nm) of dots fluorescing
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APPENDIX C Summary

Determination of Nanomaterial Energy Levels for Organic Photovoltaics by Cyclic
Voltammetry

Roberta A. DiLeo, Annick Anctil, Cory D. Cress, Brian J. Landi, and Ryne P.
Raffaelle

Nanostructured Solar Cells MRS Proceedings Boston, MA 2007

Editors: Antonio Luque and Antonio Marti

Mater. Res. Soc. Symp. Proc., Volume 1031E, Warrendale, PA, 2007 (1031-H09-54)

This publication explores the electronic properties, in particular energy level
alignment, of a variety of materials commonly used in organic photovoltaics.
Specific highlights include: CdSe quantum dots and the shifts that occur in their IP
and EA due to changes in dot size; a series of fullerene derivatives that vary in both
size and substituent groups; and polymer composites examined in isolation and under
illumination. For CdSe quantum dots for a range of diameters, shifts occur in both
the IP and EA; however, the degree of shift varies depending on the measurements
taken at the peak maximum point or at the peak onset point. The fullerene series
investigation showed that energy levels shift with a change in fullerene cage size as
well as with the addition of certain substituent groups. A polymer composite of
MEH-PPV: PCBM Cg was selected for investigating the effects of illumination on

energy levels. Initially, voltammograms were measured for each of the components

27



Current (a.u.)

of the composite, followed by measuring the composite. Finally, the composite was
measured both in the dark and under illumination. This series of measurements was
useful for understanding the interactions that occur within the composite, where
charge transfer occurs, and how these interactions affect the detectable energy levels.
Also the illumination studies gave insight as to how the composites will behave in a

practical versus laboratory setting.

C. Polymers

Cyclic voltammetry was performed on each of the three commonly used
polymers, MEH-PPV (PolySemi), P3HT (Poly(3-hexylthiophene-2,5-diyl)) and
MDMO-PPV  (Poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4-phenylenevinylene])
(all purchased from Sigma-Aldrich, in isolation). From the voltammograms (Figure
17), the oxidation and reduction potentials were determined for each polymer. These

were considered the baseline to which other nanomaterials and composites were

compared.
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Figure 17. Voltammograms of (a) MEH-PPV, (b) MDMO-PPV, and (c) P3HT with
molecular structures as insets for each.
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To determine if a shift in energy levels is results from a molecular weight influence,
three molecular weight ranges of MEH-PPV were investigated (M, = 40,000 —
70,000, M,, = 70,000- 100,000, M, = 150,000 — 250,000). Their voltammograms are

shown in Figure 18. There is a clear shift to larger values in the oxidation potential at

Current (a.u.)

a b c
T T T T T
MEH-PPV low MW MEH-PPV high MW
MEH-PPV super high MW
I I I I I I . . . . . . . . . . . .
15 1.0 050 0.0 -050 -1.0 -1.5 1.0 050 0.0 -0.50 -1.0 -15 1.0 050 0.0 -0.50 -1.0 -1.5 -2.
Voltage (V) vs. SCE Voltage (V) vs. SCE Voltage (V) vs. SCE

Figure 18. Voltammograms of (a) low MW of MEH-PPV, (b) high MW of MEH-

PPV and (c) highest MW of MEH-PPV.
lower molecular weight (Figure 18a). A third subset of polymers was also
investigated. These consisted of polymers which have similar structures to the MEH-
PPV, but have different structures on the end of the polymer chains, labeled at
Polymer 100E and 200E (purchased from American Dye Source). Figure 19 (inset of
polymer structure) shows the voltammograms of these polymer derivatives and the
clear change in reduction-oxidation potentials due to the change in molecular

structure of the polymers.
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Figure 19. Voltammograms of two PPV polymer derivatives (a) polymer 100 E
and (b) 200 E with molecular structure as an inset for each

D. Composites

A comprehensive understanding of energy level alignment was developed from
comparing the collective observations from all the materials tested in isolation with
the composites that were also investigated. Figure 20 shows the voltammograms of
three composites. The resulting curve for a composite is not a simple superposition
of the two curves of the components for that given composite. Both curves are
resembled, but with shifting in some energy levels and with the assimilation of others.
These curves provide insight into the materials’ electronic interaction and properties,

such as charge transfer in the composite.
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Along with testing the composites, scans were completed in the dark and under
illumination for the composites Figure 20 shows the voltammograms of the dark and
illuminated composites, which is representative of an environment that the
composites would be operating in. The composites were illuminated with a halogen
bulb and a UV lamp. Small shifts in the reduction-oxidation potentials are visible,
with the largest seen in the oxidation potential of the MEH-PPV: PCBM Cg
composite (Figure 20a). While there are noticeable changes in current intensity while
the sample is being illuminated, this work does not discuss the cause of that

phenomenon, which could be related to available states for filling.
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Figure 20. Voltammograms of composites under both dark conditions (black-
dotted curves) and under illumination (red curves) (a) MEH-PPV: PCBM Cg, (b)
MEH-PPV: PCBM Cy, (c) P3HT: PCBM Cgy.
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CHAPTER 4 CONCLUSIONS

The focus of this work has been the development of an understanding of material
synthesis and characterization for energy conversion and storage devices. A portion
of this work has been dedicated to the synthesis and purity assessment of MWNTs for
incorporation in device applications, and required an investigation of synthesis
conditions to optimize material yield and quality. To further quantify the quality of
the as-produced material, a quantitative purity assessment method was developed
based upon Raman spectra of the samples. Equations of purity were extracted from
the Raman ratios and purity values were assigned to a variety of MWNT samples.
The work was extended to include a second excitation energy (2.54 eV and 1.96 eV)
to improve the utility of the assessment method. One equation of purity developed
from the Ig/Ip band could be used universally for the two excitation energies. After
the synthesis optimization, the growth of aligned MWNT arrays was possible on SiO,
substrates using the typical synthesis conditions. The utility of the purity assessment
method was further developed to assess the purity of the aligned MWNT arrays.

Another aspect of this work focused on synthesis and characterization of materials
pertinent in organic photovoltaic fabrication, which included semi-conducting
quantum dots, fullerene derivatives, and polymers. A series of CdSe quantum dots
were synthesized and characterized to determine changes in band gap and shifts in the
EA and IP in conjunction with the changing band gap. A set of four different sizes of
quantum dots spanning a band gap of 2.2 eV to 2.48 eV resulted in observable shifts

in both the EA and IP in the cyclic voltammogram. A second nanomaterial, the
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fullerene derivative PCBM Cg, was characterized. This lead to an investigation of a
series of fullerene derivatives, which included the PCBM Cgy, PCBM C79, PCBA Cgo
and ThCBM Cgy. There were observable shifts in the IP of the four derivatives as
well as shifts of the EAs and an increase or decrease in the number of measureable
energy levels beyond the EA for each derivative. Electrochemical measurements of
three commonly used polymers in isolation were performed. Polymers act as the
starting material to which nanomaterials are added. By characterizing the polymers

as well, a fuller understanding can be gained for interactions that occur within the
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Figure 21. Energy level diagram for all the materials which were examined using
the technique of cyclic voltammetry during this work: (1) CdSe QD’s shifts in EA
and IP designated by double-line, (2) MEH-PPV- second IP designates MW
influenced shifts, (3) P3HT, (4) MDMO-PPV, (5) Polymer 100E, (6) Polymer
200E, (7) PCBM Cs, (8) PCBM Cyy, (9) PCBA Cqgo, (10) ThCBM Cqg, (11) MEH-
PPV: PCBM Cg, (12) MEH-PPV : PCBM Cy, and (13) P3HT: PCBM Cgy.

composite.
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The energy level diagram in Figure 21 shows the expanse of the materials
investigated through electrochemical characterization. This diagram is also useful in
pre-selecting materials for device design and fabrication due to the ability to visually
check the compatibility of energy levels for any combination of materials. The
diagram confirms the changes observed in the energy levels of the composites versus
those of the materials in isolation. The information gathered by electrochemical
characterization also aids in the understanding of device performance by correlating
material energy properties with devices properties such as open-circuit voltage, short
circuit current, fill-factor, and efficiency.

This work contributes overall to the forward progress of the field of energy
storage and conversion devices by the development and characterization of new
materials which is vital to the growth of this technological field. The proper
combination of materials is essential for all of the devices that fall under this heading,
whether it is due to energetic properties, weight, volume capacity or a variety of other
restrictions. The results of this work, in particular the methods of characterization,
will have a lasting impact on the material selection for future device fabrication in the

field of energy storage and conversion.
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Carbonaceous purity assessment for chemical vapor deposition multiwalled carbon nanotubes
(MWNTSs) using Raman spectroscopy was investigated. Raman spectroscopy was performed on a
reference sample set containing predetermined ratios of MWNTs and representative synthesis
by-products. Changes in the characteristic Raman peak ratios (i.e., In/lg, Ig: /15, and I5:/1p) as a
function of MWNT content were measured. Calibration curves were generated from the reference
samples and used to evaluate MWNTs synthesized under different conditions with varying purity.
The efficacy of using Raman spectroscopy in conjunction with thermogravimetric analysis for
quantitative MWNT purity assessment is discussed. © 2007 American Institute of Physics.
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. INTRODUCTION

Since the discovery of multiwalled carbon nanotubes
(1\»1\’\?1\1’I‘5),l researchers have investigated their use in vari-
ous applications due to their remarkable electrical, mechani-
cal, and chemical [:aro[:aerties.g‘5 MWNTs share many of the
same attributes of a single walled carbon nanotube (SWNT)
but may offer a greater potential for low-cost production.
Recent advancements of MWNTSs have been due to improved
bulk synthesis (i.e., high quality materials) and their potential
in power devices.” MWNT synthesis can be achieved
through an array of methods involving the catalytic decom-
position of carbon containing oom[:bouncls.2 However, each
synthesis technique results in a mixture of MWNT structures
with impurities (i.e., metal catalyst and carbonaceous mate-
rials). Therefore, a simple method to quantify MWNT purity,
similar to that of SWNTs, is desirable.®

Several qualitative and quantitative techniques have
been used to characterize MWNT samples, including scan-
ning electron microscopy (SEM), transmission electron mi-
croscopy (TEM), thermogravimetric analysis (TGA), and
Raman spectroscopy. ~12 However, the proper combination
of these techniques (or others) to produce a protocol for
quantifying MWNT purity (defined as the mass fraction of
nanotubes in a sample) has yet to be established. Commaonly
used microscopy can be quite useful at quantifying nanotube
diameter or interlayer spacing. However, these methods pro-
vide a qualitative understanding of the MWNT purity as they
are limited in their ability to determine other factors affecting

“Electronic mail: rprsps@rit.edu

0021-8979/2007/101(6)/064307/5/$23.00

101, 0643071

purity (e.g., degree of carbonaceous coatings, encapsulated
metal particles, etc.). While TGA can accurately quantify a
sample’s metal content, the decomposition curve cannot eas-
ily be deconvolved to provide carbonaceous MWNT purity.
Attempts to use Raman spectroscopy for purity assessment
have relied upon a ratio of the D-band peak (~1350 cm!)
and the G-band peak (~— 1580 cm™') to infer a purity level.
However, with no reference for comparison, ambiguity arises
in the interpretation of data for these two peaks due to the
effects that carbon impurities have on the bands’ intensities.
Therefore, a ratio containing the &'-band peak
(~2700 em™') may represent a more accurate measurement
of MWNT quality or purity, since the &' band resonant Ra-
man intensity is dramatically enhanced in the case of carbon
nanotubes. '

In the present work, a method of using Raman spectros-
copy to assess MWNT purity is developed as a complement
to SEM, TEM, and TGA. Along with the appropriate char-
acterization techniques, there exists a concomitant necessity
to identify a reference sample or a constructed calibration set
for MWNT purity verification. The use of a constructed
sample set to develop the necessary reference is analogous to
previous work on the purity assessment of SWNTs.® A con-
structed sample set consists of samples with varying concen-
trations of a reference MWNT sample (relative 100%
MWNT) and a representative carbonaceous impurity (0%
MWNT). Trends in the Raman spectra of the constructed
sample set, which vary monotonically with sample purity,
were investigated, and evaluation of the Raman peak ratios

© 2007 American Institute of Physics
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for samples synthesized under a factor screening experiment
shows a good correlation with qualitative estimations based
on their SEM images.

Il. EXPERIMENT

The MWNTSs used in this work were synthesized using a
procedure similar to those previously nepcn'led.}'14 In short,
an injection chemical vapor deposition (CVD) reactor was
constructed with a coaxial injection design. The injection tip
was fabricated using quartz capillary tubing (i.d. | mm, o.d.
3 mm) encased in a stainless steel jacket. In the factor
screening experiment, temperature and precursor concentra-
tion (cyclopentadienyl iron dicarbonyl dimer in toluene)
were varied. Material was synthesized at temperatures of 725
and 875 °C, precursor concentrations of 0.04M and 0.08M, a
gas flow rate of 0.75 1/min, and a precursor delivery rate of
3.5 ml/h. Field emission SEM was performed for MWNT
samples using a Hitachi 5-900 instrument. TGA was per-
formed on samples of —1 mg ramped at 10 “C/min from
25 to 1000 °C under a flow of air at a rate of 60 SCCM
(SCCM denotes cubic centimeters per minute at STP) with a
TA Instruments 2950. Raman spectroscopy on the factor
screening experiment samples and the constructed sample set
was performed using a Jobin Yvon LabRam spectrophotom-
eter with an excitation energy of 2.54 eV and an acquisition
range from 100 to 3000 em™.

For use in the constructed sample set, representative car-
bonaceous by-products were produced using a similar proce-
dure {injection CVD) but without the inclusion of the orga-
nometallic precursor (only toluene was injected). This
procedure yielded small amounts of carbonaceous materials
which were representative of the by-products produced in the
MWNT synthesis as indicated by microscopy and Raman
spectroscopy. Because of the low yield, a surrogate, nano-
structured carbon was used, which was produced in a laser
vaporization process in large quantities. This material was
representative of the MWNT CVD synthesis carbonaceous
by-products based upon SEM. TGA. and Raman analysis.
MWNTSs used in the constructed sample set were synthesized
at 725 °C, an argon gas flow rate of 0.75 I/min, a precursor
injection rate of 3.5 ml/h, and a precursor concentration of
0.08M. The constructed sample set was prepared from solu-
tions of varying amounts ( 100%, 80%, 60%, 40%, 20%, and
0%) w/w of MWNTs mixed with nanostructured carbon in
hexanes to produce 0.5 mg/ml solutions. The stock solutions
containing the reference 100% MWNTs and 0% MWNTSs
were sonicated at 20 °C for 1 h, stirred at room temperature
for 4 h, and sonicated for 30 min at 20 °C. Each constructed
weight percent sample was homogenized using a similar pro-
cess (1 h sonication at 20 °C, a 4 h stir at room temperature,
and a 30 min sonication at 20 "C). Samples were filtered
using a 0.02 gm alumina filter. A comparison of the Raman
spectra of the as-produced material and the * 100%™ MWNT
sample in hexanes was completed to ensure no damage was
incurred during the homogenization-sonication process.

J. Appl. Phys. 101, 064207 (2007)
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FIG. 1. (a) Field emission SEM image of relative 100% MWNT sample at
magnification 20 000x, (b) TEM image of relative 100% MWNT sample
showing concentric layers, and (¢) TGA thermogram of relative 100%
MWNT sample.

Il. RESULTS AND DISCUSSION

The selection of a 100% MWNT sample is an important
consideration, since a known sample is unavailable. There-
fore, this work is based upon the highest purity material syn-
thesized, as measured by SEM, TEM, TGA, and Raman (see
Fig. 1). The SEM image is representative of the sample mor-
phology and shows an abundance of nanotubes and little, if
any. carbonaceous or metal catalyst impurities. The TEM
image confirms that the nanoscale materials seen in the SEM
image were indeed tubular and contained multiple concentric
cylinders. The TGA thermogram illustrates the decomposi-
tion temperature of ~625 “C and the low metal catalyst resi-
due at ~6% by weight, which are better than the typical
range of values given in the literature of 550-615 °C and
1364305, respectively 311316

The spectra in Fig. 2{b} show the three characteristic
peaks of MWNTs: the D band (~1350 cm™'), the G band
(—1580 cm™), and the G’ band (~2700 cm™!). The D band
is indicative of defects in the MWNT sample (i.e., carbon-
aceous impurities with sp® bonding, broken sp” bonds in the
sidewalls). The G band results from the graphitic nature of
the sample (i.e., crystallinity of the sample, pristine arrange-
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FIG. 2. Overlay of Raman intensity vs wavenumber of CVD nanocarbon,
nanocarbon, graphite. and factor screening experiment MWNTs samples at
an incident laser energy of 2.54 eV. The D. G. and G' bands, used for the
generation of calibration curves, are highlighted and the data are offset for
clarity.

ment of atoms), and the G' band is indicative of long-range
order in a sample and arises from the two-phonon, second-
order scattering 1pmcess that results in the creation of an in-
elastic phc:mcm.J

Several carbonaceous samples were investigated for use
as the surrogate carbonaceous by-product in the constructed
sample set; Fig. 2(a) depicts the Raman spectra of some of
the various species considered. Fig. 2(a) shows the similari-
ties of the Raman spectra of the laser synthesized nanostruc-
tured carbon and the nanostructured carbon by-product syn-
thesized in the CVD reactor. The ability to distinguish
graphite from MWNTSs is another important consideration for
a purity assessment method. Figure 2(a) shows that these two
materials have similar Raman spectra; however, differences
in the G’ bands can be identified and employed to differen-
tiate between graphite and MWNTs when assessing purity.
There is a shift to a higher wavenumber in the peak position
of the graphite G' band (i.e., from 2715 cm™! in MWNTS to
2738 cm™" in graphite). The presence of graphite can also be
corroborated with SEM whereby the graphene sheets are eas-
ily discernable at low magnification.

The Raman spectra, normalized to the G band peak in-
tensity, of the constructed sample set are shown in Fig. 3.
The increase of the D band intensity with decreasing MWINT
content is a direct result of the addition of carbonaceous
by-products. A decrease in the G' band intensity as the
MWNT mass fraction decreases is also evident. Since the G’
band results from a two-phonon process it is plausible that its
intensity should decrease as the sample becomes less ordered
(i.e., more impurities present) not allowing for the coupling
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I
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Wavenumber (crn")

FIG. 3. Raman spectra for constructed sample set composed of MWNTs and
nanocarbon at varying weight fractions. The incident laser emergy was
2.54 eV, The trends of the D, G. and &' bands can be seen in the high-
lighted regions, and the data are offset for clarity.

effect which is necessary for the two-phonon process. The
relative changes in the various peak intensities clearly corre-
late with the amount of carbonaceous impurity in a given
sample, and it 1s from this correlation that calibration curves
were computed. Relative ratios of the Raman peaks were
chosen as opposed to absolute Raman peak intensities since
the ratios of peaks are less sensitive to instrument and atmo-
spheric conditions which can cause large changes in absolute
intensities.

Three calibration curves were generated from the ratios
of the sample set, and the trends followed by each of the
Raman ratios (i.e.. Ip/lg, Ig /g, 15/ Ip) are depicted in Fig.
4. This figure shows the linear approximations for the In/l;
and I/ ratios and an exponential approximation for the
15/ Iy ratio. The largest relative change is observed for the
I/ I ratio making it the most sensitive to changes in
MWNT purity. The equations of the curve fits to calculate
the carbonaceous purity of samples are as follows:

DIG,,=0.96 - 0.0066X, R*=0.996 (1
G'IG o= 0.33+0.0045X, R?=0.964 (2)
G'ID, ;. =0.31%exp(0.021X), R*=0.994. (3)

where X is the purity value.

In order to investigate the applicability of Eqs. (1)—(3), a
factor screening study was conducted which utilized experi-
mental parameters (see Table I) to produce MWNT material
of unknown and potentially varying purity. As evident from
the SEM images in Fig. 5. each of the as-synthesized
samples exhibit very different carbonaceous purity, albeit
there is no basis to assign quantitative levels. However, using
the Raman spectra in Fig. 2(b) and Egs. (1)~{3), a quantita-
tive comparison of carbonaceous purity can be achieved for
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FIG. 4. Data points are the calculated ratios from spectra in Fig. 3. Data
were fitted with linear and exponential approximations indicated by the
dashed lines. The calibration equations established from the fits are for
calculating purity values.

each sample based upon reference to the 100% MWNT
sample of the constructed sample set. The calculated values,
provided in Table I, correlate very well with the visual SEM
evidence of Fig. 5, and thus, support the use of calibration
curves from the relative ratios of Raman bands for MWINT
purity assessment.

IV. CONCLUSIONS

In conclusion a constructed sample set comprising high
purity MWNTSs and carbonaceous by-products has been de-
veloped to investigate the use of relative Raman ratios for
MWNT purity assessment. Calibration curves were estab-
lished for Raman intensity ratios and the largest relative
change was observed in the I; /[ ratio. Material was syn-
thesized under varying experimental conditions to produce
samples of differing MWNT purity so that the calculated
purity based on the three calibration curves could be com-
pared. The calculated MWNT purities derived from the Ra-
man ratios were consistent with SEM observations, demon-
strating that the [;./[p ratio values showed the smallest
deviation to the average purity values. Thus, the use of cali-
bration curves from relative Raman ratios has been demon-

TABLE I Experimental parameters and purity values from each of the
generated calibration curves for the samples of the factor screening experi-
ment.

Temperature  Concentration Average
Sample (°C) (M) DIG GG G'YD  purity
A 725 0.08 99 93 98 97
B 875 0.08 38 29 s M
C 725 0.04 71 6 a7 68
D 875 0.04 58 59 59 60

J. Appl. Phys. 101, 064207 (2007)

FIG. 5. Field emission SEM images of the four (A, B, C. D) MWNT
samples of the factor screening experiment. The magnifications are 10 000,

strated as a viable means to ascribe reference carbonaceous
purity levels. This carbonaceous purity assessment using Ra-
man spectroscopy can be used in concert with conventional
metal content analysis from TGA to provide a more compre-
hensive assessment of the overall MWNT purity in a given
sample.
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ABSTRACT

Carbonaceons purity assessment methods are being sought after for all types of carbon
nanotubes as a means to standardize the material metrelogy. Our most recent work has evaluated
chemical vapor synthesized multi-walled carbon nanotubes (LW Ts). This effort included a
protocol for assessment mvelving gqualitative mformation from scanning electron microscopy
(5EM) images and gquantitative information from themmogravimetric analysis (TGA) and Faman
spectroscopy. Presently, the analysis using Faman spectroscopy on a constructed sample set has
been extended to a second excitation energy (HelNe laser at 1.96 eV) and the similar trends in the
relative Faman peak ratios have been measurad. In contrast to the G-band, the D and G peaks
demonstrate 3 Faman shift that 1s excitation energy-dependent, consistent with the double
resonance theory. However, the Faman ratio of Is/Ip 1s mdependent of excitation energy and 13

observed to be the most sensitive to MWNT carbonaceous purity. Application of this approach
to MWDHNT amrays grown on 510 15 compared to conventional bulk powders synthesized under
similar conditions. The MWNT arrays show a lugh degree of vertical alignment based upon
SEM and a measured carbonaceous purity using the Ig/I5 ratio of 75% wiw.

INTRODUCTION

The discovery of multi-walled carbon nanotubes (MWNTs) over a decade ago’ has
sparked ‘i‘l.'ld.E"EpIEﬂ.d. mvestigations of their umque mechamical, chemical, and electrical
properties.”” While MWINTs possess many of the same properties as the closely related single-
walled nanotubes, they offer the capability ‘of economical bulk production which leads to further
meorporation i power devices.” Specifically, aligned MWNT arrays are attractive for building
solar cells, sensors, mtegrated circuits, carbon yams for macroscopic structures, along with other
capabilities. 264 Many methods of catalytic decomposition of carbon contaming compounds are
used in the synthesis of MWNTs.? Still, with each techmique a mixmre of MWNTs and
mmpurtties (1.e. metal catalyst and carbonaceons matenals) is the resulting product. A method of
MWNT purity gquanification 15 advantageous because of this resuliing mixed product.

While several quantitative and gualitative techmigues exist and are used to characterize
MWNTs, a method of assessment which combmes scanning electron microscopy (SEM).
thermogravimetnic analysis (TGA) and Faman spectroscopy has recently been reported.
Althongh microscopy offers a simple gqualitative vertfication of punty, TGA and Faman
spectroscopy have the capability to evaluate purity with more quantitative results. Our reported
method focuses on the use of the Faman peak ratios to determine punty (defined as the mass
fraction of nanotubes in a sample) from calibration curves developed from a constructed sample
set. Constructed sample sets offer a standard for use m purity evaluahions.
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In the present work, a second excitation energy was nsed in the Faman spectroscopy
characterization to further investigate the punty assessment method and calibration curves we
previously developed. Eguivalent trends in the data were noted from the 1.96 eV and the 2.54
eV lasers and the consistency of sample purity determination using the Ie/Ip was investigated.
In sddition application of this method was extended to MWNT amrays and compared to the
results of bulk MWNT powder.

EXPERIMENT

An imjection chemical vapor deposition (CVDY) reactor was used to synthesize the
MWNT aligned arrays in this work similar to procedures previously reported ® *? A precursor
delivery rate of 3.5 mL/'h, a gas flow rate of 0.75 Limin, a temperature of 725 °C, and a precursor
concentration of 0.08 MM were employed to synthesize the matenial on 5107, A constructed
sample set was prepared according to our previous report. Stock solutions of a relative 100 %3
and 0 %% MWNT solution were mixed to arrive at six samples with varied content (100 %a, 80 %,
60 %, 40 %, 20 %, and 0 %) wiw of MWNTs. These solutions were homogenized before
filtering. Thenumogravimetric analysis was performed on ~ 1 mg samples under conditions of
temperature ramping of 10 °C/mm from 25 °C -1000 °C with an air flow rate of 60 scem with a
TA Instruments 2930, Scamning electron microscopy (SEM) was performed on the 3MWNT
aligned arrays wsing a Hitachi 5-900 mstrument and a Plulips XL 30 ESEM mstrument. Faman
spectroscopy was perfnrmed on the constructed sample set along with the MWNT aligned arrays
with a Jobin Yvon LabFam tpectmphﬂmmeter with exeitation energies of 2.34 eV and 1.96 eV
and an acquisition range of 100-3000 cm™

DISCUSSION

Figure 1 shows the Raman spectra from the constructed sample setusing a 1.95 2V
(HeNe) excitation source. Similar to the previously reported data observed with the 2.54 &V (Ar
lon) excitation energy, these data show an increase in the I}-baud peak and a decrease in the G'-
band peak with decreasing amounts ﬂf“xﬂ‘.'l‘\'T': i a sample.” This is consistent with the
assertion that the D-band results from sp’ carben, influenced by the amount of u:arhnu impurities,
and the G'-band results from long range order allowing a 2 p]:lDllCIII. process to occur.’’ Also
observed for the 1.96 eV data, in comparison to the 2.54 eV data, was a down shift in
wavenumber for the D-band peal: and the &'-band peak to lower wavenumbers (D-band shaft
from 1332 cm™ to 1325 cm™ and G'-band shift from 2700 cm™ to 2645 cm™) as seen in Figure 2.
The slopes of these changes (47 con™’/eV and 96 coa™/eV for the D and G' band respectively) are
consistent with the results from work n:nndun:ted on double resenance theory which predicts a
laser-dependent shift in Raman peaks." In comparison the G band shifts little as a function of
excitation energy. Fundamentally, the D and &' bands are different from the G band, accomnting
for the excitation energy dependent results. The D and G bands are both double resonance
processes which have predicted shifts in wavenumber according to the excitation energy,
whereas the G band 15 a single resonance process.'* These data suzgest that the D and G’ band
mtensity ratios stay consistent across excitation energies while the G band intensity is more
sensitive across different excitation energies.
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Figure 1. Raman spectra for constructed sample set with an incident laser energy of 1.96 V.
The trends of the D, G, and G’ bands are seen in the lnghlighted regions, and the data are offset
for clarity.

Raman Intensity (a.u.)
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Figure 2. Faman spectra of bulk MWNT powder with 2.54 eV and 1.96 eV excitation energies.

Shifts in the D band peak (~ 27 ey and the G'band (~ 35 cm™) are zhown and the similar ratio
trend of the I3/ T is seen for both laser energies.
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Based upon the spectra in Figure 1, calibration curves were developed from the trends of
the ratios of the InTz, Io/Ts and Ip 1o, It was observed from the develeped calculations of both
laser energies that the calibration curves from the Iz/Ip trends were most sensitive across both
laser energies due to the largest relative change in the slopes. The data used to calculate the
ratios were corrected using a hnear baseline subtraction to account for detector background
counts and varable sample preparation. In addition, based on the results in Figure 2, the
variation in the G band intensity 1s less attractive for a universal purity assessment technigue.
Figure 3 shows the data and curve fit {(including general equation) corresponding to the Io/Tn
ratie values. Each of the laser excitation data sets were fit independently resulting m a caleulated
E.walue greater than 0.99. Tlus goodness-of-fit supports the notion of using & laser excitation
energy-independent equation.

35 , , , ,
— v =018 " e*0.0255x)

30
1.96 ¥ GYD R =0.991

Y GYD R =0.4998 7

laser

L1, ]

.
25|l m E 254
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Faman Ratio

1.5

1.0
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0.0 1 1 1 1
0 20 40 a0 80 100

Percent MWNTs (%)

Figure 3. Data points represent the calculated IoTp ratios from the spectra in Figure 1. Data
was fitted with exponential curves and calibration equations established from these fits are for
calculating purity values.

Previously, we have applied the purity assessment method to bulk MWNTs produced
from a design of experiment (DOE) study.” Presently, we investigate the use of the relative
Faman ratios for directly grown aligned amrays. MWHNT aligned armrays were grown on silicon
wafers with a native oxide using conditions simular to the 100 % sample m the constructed
sample set. The SEM images in Figure 4 depict a representative sample of aligned MTWINTs,
meluding the measured height of ~ 300 pm after & 1.3 hour synthesis. The correspending Raman
spectra for this sample are shown in Figure § using both excitation lasers. (As noted in Figure 2,
the dewnshift in wavenumber is also chserved for the ahgned MWNT array sample.) Using the
Lz/Tp ratios from each data set, the value of punity was determined to be 75 % for this sample
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using the equation in Figure 3. This purity value i1s consistent across both laser energies. It has
been noted that polanization effects can occur when using eptical electrical spectroscopy for
nanotube characterization; these effects do not greatly affect this present work, but they do hold
mteresting results for future mvestigation. The extended purity assessment methed 13 able to
effectively quantify the purity of the MWNT aligned amays.

Aoy Spok Hagn WD
0 EY G T

Figure 4. SEM images of MWNT aligned array at magnification (a) 230x (b) 2000= (<) 40000=.

3
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E (IgTp
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Figure 5. Faman spectra of MWNT aligned arrays at 2.54 ¢V and 1.96 V. The D) and G’ band
are highlightad and the data is offset for clanty. Excitation energies. Io/Ip Faman peak ratios,
and their corresponding purity are to the nght

CONCLUSIONS

Purty assessment of MWNT: using Eaman spectroscopy on a constmucted sample set has
been mvestigated with a second laser excitation of 1.96 eV, The data show equivalent trends to
the 2.54 eV data set in terms of the relative ratios of the D, G, and G'-peaks being correlated to
MWNT content. However, the D and G’ bands exhibit an excitation energy-dependent Faman
shift (27 em™” and 35 cm'l, respectively), while the G band dees not. Given this unigue double
resonance effect, it was shown that the Ie/Iz ratie 1s the most sensitive to MWNT purity and
results m an excitation-mdependent equation for purnty assessment. This equation has been
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applied to caleulating the carbonaceous punity of CVD synthesized MWNT aligned arrays grown
on 510.. A punty value of 75 % was determined for an as-produced aligned array from the
Faman spectra, where the energy dependent shifts of the D and G' were also observed. Thus, we
have established an equation for punty assessment of MWNTs using the Iz/Ip ratio, which 1s
applicable to bulk powders or aligned arrays and mdependent of laser excitation (1.96 &V and
234 eV).
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ABSTRACT

A wide variety of nanomaterials and associated nanomaterial/polymer composites are being
developed in an effort to produce higher efficiency organic solar cells. This development
requires a fundamental nnderstanding of the energy levels for the individual materials, and their
composites, to enable device desizgns which posess appropriate energy level matching. Cyclic
voltammetry (CV) allows for the determination of the band gaps (Ez) and energy levels of these
varions nanomaterials and composites by measuring their oxidation and redouction potentials.
These potentials correspond to a given material’s ionization potential (IP) and electron affinity
(EA), respectively. The results for the EA, TP, and E.; have been determined by CV for
derivatized fullerenes and CdSe gquantum dots (QD), measured in isolation, and in conjugated
polymer composites with MEH-PPV. In addition, CV measurements conducted nnder dark and
illnminated conditions were nsed to investigate the relationship between energy levels within the
composites.

INTRODUCTION

The rapidly growing field of organic photovoltaics (PV) 15 pushing the limits of achievable
efficiencies with conventional materials [1. 2]. The development of high efficiency devices
requires an assembly of compatible materials which support photon absorption, exciton
diffusion. exciton dissociation, and carrier transport [3]. Choice of suitable materials and their
energy level alignments are critical to the development of efficient devices. The enhancement of
photon absorption in a device can be accomplizhed by selecting materials with appropriate band
zaps to absorb the solar spectruny. It is also important to nunimize recombination sites within the
bulk junction: this can be done by avoiding materials which will cause traps due to their
unsuitable energy level alignment. Cyelic voltammetry (CV) 15 a characterization technique that
offers the capabilities of probing these important material properties. It is possible to calculate a
material’s ionization potential (IF) and electron affinity (EA), which correspond to valence states
and conduction states, respectively, using CV.

Electrochemical CV measurements can be used to determine these potentials by measuring
the voltages at which the material nndergoes reduction or oxidation with respect to a reference
electrode. These values can be used to calculate the EA and IP of a material as explained by
Eucur et al. [4]:

FA=—(E,,+AE

l'.:zc!mni,c.-‘sc.r.":lds} ! 1 :'

IP=—(E, _+AE
The band gap (E;) can be obtained by taking the energy difference of the EA and IP.

i 1
vacuum elecivode ) | —:'

46



APPENDIX C: Determination of Nanomaterial Energy Levels for Organic Photovoltaics
by Cyclic Voltammetry (Submitted to MRS Proceedings, Boston, Massachusetts 2007)
Reprint permission from MRS E-Proceedings

There have been several reports on the cvclic voltammetry of nanomaterials and polvmers
comumonly used in organic photovoltaics [5-8]. In addition, some research groups have nsed CW
to examine the interaction of Cd3e QDs and nanomaterials with polvmers in a composite [9-11].
A next step in understanding solar cells is the exanunation of the pure materials and respective
composites under illnmination, which vields a representative environment for working devices.

This work has focused on determmining the energy levels for a series of CdSe quantum dots,
varions fullerene derivatives, and the conjugated polvmer MEH-FPV (Polv[2-methoxy-5-(2-
ethylhexyvloxy)-1.4-phenyvlenevinylene]). CW was used to measure composites of these materials
under both dark and illuminated conditions.

EXPERIMENT

Cdze QDs were svathesized using a CdO precursor and were extracted with a nuxture of
methanol and hexanes as previously reported [12]. A series of four QD sizes were synthesized
by varyving syathesis time. A ligand exchange of the triocytlphosphine { TOPO) capped QDs was
achieved with pyridine, nsing centrifugation at 6000 rpm for 10 minntes, followed by sonication.

Electrochemical measurements were performed in a three neck cell. under argon, with an
electrochemical analvzer from CH Instruments. A rotating platinum disk electrode (Pine
Instruments) served as the working electrode, a platinnm wire as the counter electrode, and a
EC1 =amrated standard calomel electrode (SCE) as the reference electrode. A 0.1 M solution of
acetonitrile and tetrabutylanunoninm hexaflnorophosphate (Aldrich) was used as the electrolyte .
Voltammograms were obtained at a scan rate of 20 mV/s and rotation speeds between 50-100
rpm. Mumination studies were performed under dark conditions and under illumination, using
halogen lamps (peak & = 630 nm) and a 350 nmn UV lamp. Optical absorption measurements
were taken with a Perkin Elmer Lambda 900 (300 to 1600 nm). Fluorescence measurements
were taken with a JY-Horiba Fluorolog-3 spectrofluorometer (400 to 300 nm). The reduction
and oxidation potentials were used to calculate EA and IP values, respectively.

DISCUSSION

Fig. 1 shows a voltanunogram for PCBM Cgg and the conversion of the two potentials to the
respective energy level nsing a SCE (AE onpm eva = 4.158 V). Fig. 2a shows the optical and
flnorescence data for the series of Cdse QDs. The four synthesized dot sizes follow the
increasing band gap trend as expected: with smaller dots having a larger band gap. A range of
2.30 to 3.31 nm diameter QDs was calculated based upon Peng's work [13]. Fig. 2b shows the
changes in band gap versus QD diameter for optical absorption onsets and peaks,
photoluminescence peaks. and electrochemical onsets and peaks. The electrochemical peak
values correspond closely with the optical measurements; nsing the EA and IP pealks rather than
the onsets vielded more accurate calculation of band gaps (Fig. 2b). The EA onsets do not
change significantly with respect to dot diameter in the electrochemical measurements; whereas
the IP onsets change with respect to the band gap (Fig. 2c). In contrast, the EA and [P peak
values shift svmmetrically with increasing band gap.
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shown were calculated based upon [13] (b) UV-Vis,, photolununescence, and electrochenucal
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Fullerenes and their derivatives are conunonly used in organic PV devices as electron acceptors.
These materials have been successfully emploved in a variety of organic PV devices [14-17].
The baseline material of PCBM Cg ([6.6]-Phenvl Cg butvric acid methyl ester) was
characterized along with three derivatives (Fig. 3a-d). PCBM Cqp ([6.6]-Pheny] C71 butyric acid
methyl ester), (Fig. 3b) shows different values for energy states as compared to PCBM Ceq (Fig.
3a), despite the identical derivatized chains on these two materials. This snggests that fullerenes
exhibit different electronic energy states. and in the case of these two derivatives the PCBEM Cog
has a shift in the reduction peak as compared to the PCBM Cga.
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Fig. 3 Voltammagrams of 4 derivatized fullerenes (a) ThCBM Cgg (1) expanded region of IP (b)
PCBA Cg. () PCEM Cop, (d) and PCBEM Cg (e) PCBEM Cg. (f) MEH-PFV. (g) MEH-PPV:
PCEM Cgp composite (1) expanded region of IP (1i1) expanded region of of EA
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The acid derivative PCBA Cgp ([6.6]-Phenvl Cg; butyric acid) (Fig. 3c) also shows a shift in the
EA and IP wvalues. This shift in energy levels, compared to PCBM Cg, for the acid derivative
sugeests the chain properties play a significant role in the behavior of the molecule. As a fourth
derivative, ThCBEM Cgp (1-(3-methoxyecarbonyl) propvl-1-thienyvl-[6.6]-methanofullerene) (Fig.
3d) gives nise to behavior sinular to PCBM Cgg. with an EA of -3 50 eV versus the vacunm level,
snggesting the substimted ring structure (i.e. phenyl vs. thiophene) has little bearing on EA valoe
for this structure. Howewer, there is an observable change in the IP values upon the thiophene
substitution. Fig. 3e and 3f shows the voltammograms of the pure PCBM Cgy and pure polymer,
respectively.  The voltammogram of the composite is given in Fig 3z, The observed enersy
states in this material are a result of assitnilation and shifting of the pure materials” energy states.

Fig. 3g al=o shows the effects on the MEH-PPV : PCBEM Cg Composites when the TV is
performed under illomination. There is a clear shift to more positive voltage in the IF when the
composite 15 illuminated (Fig. 3gii). A smaller shift in the EA 1is also observed as shovwn in Fig.
3gii. This seres of OV measwrements 15 summarized in Fig. 4. Although it would not be
expected, it is clear from this data that the states observed in the composite are not merely a
superposition of the pure materials. The effects on energy levels due to illumination of the
composite are also shown red.
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Fig. 4 Energy level cascade of pure PCEM Cgp. MEH-PPV, and the composite material versus
vacuum level. Red bands correspond to shifts due to illumination

CONCLUSIONS

CV was performed on some nanomaterials., polymers and their composites that are
commonly nsed in the fabrication of organic photovoltaics. A series of CdSe QDs with differing
diameters was studied. It was shown that for increasing band gap (decreasing dot size) the EA
onset remains relatively constant while the IP onset shifts according to band gap. Conversely,
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the EA and IP peak values shift symmetrically with band zap. The results from the series of
fullerene derivatives suggest that both fullerene size and chain composition influence the
behavior of energy states. Materials in their pure states were mnvestigated and compared to
resulting composites in MEH-PPV. The measurements made on these composites are indicative
of enerey state behaviors in a device structure. Composite materials were also investigated nsing
controlled  illumination environments and shown to exhibit different behaviors under
illmmunation. It was shown for the MEH-PPV: PCEM Cgp blend that shifts occur in both the EA
and IP values, under illumination.
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